Abstract -Phosphorus is an important pollutant leading to lake eutrophication. Diffuse pollution accounts for a substancial share of the total phosphorus load. To improve our knowledge of this pollution, we conducted a watershed study in a small, rural, 302-ha watershed (Lake Léman area). To study the spatial distribution and temporal dynamics of phosphorus in the watershed and the corresponding variation in phosphorus speciation, 40 
INTRODUCTION
Lake eutrophication is prevented by controlling phosphorus transfer from the watershed [39] . Despite the many factors influencing phosphorus effects in lakes, estimation of impacts is often limited to determining phosphorus speciation and estimating its potential bioavailability [85] .
In the past, research was mainly directed towards point sources of pollution. As techniques now exist to control this type of pollution, efforts have turned towards diffuse sources, which account for a substantial share of phosphorus pollution [14, 49] and often appear to prevent lake restoration [69, 79, 83] . Diffuse sources of phosphorus contibute only during rainy periods or at snowmelt, from urban, agricultural or natural soils [30, 56] .
Phosphorus emission studied during simulated rainfall [70] or natural rainfall, appeared to be strongly linked to the occurrence of surface runoff and erosion [1, 29, 39] and mainly takes place in particulate form [44] .
Runoff and erosion are partly dependent on both fixed (geo-morphology, soil quality) and seasonal (meteorology, soil use) factors [50] . In western Europe, the amount of rain cumulated between the last tillage and the rain event under consideration is mainly responsible for the extent of structural degradation of the soil surface and its ability to facilitate surface runoff [7] . In the same field, different forms of runoff can occur depending on the meteorological conditions and the structural state of the soil surface [17, 50] and leading to hortonian or saturated surface runoff. In addition, lateral subsuperficial transfer can bring water to the lower parts of the watershed [52] . Finally, we can expect the phosphorus emission to be as variable as the different forms of runoff.
Studies on diffuse pollution not only include emission but also transport, storage and transformation processes. Various studies show that phosphorus transport is a non-continuous phenomenon (described as a spiraling process by Newbold et al. [55] ) where phosphorus is taken up and then released in a cycle as it moves downstream [11, 41] resulting in a delay in export and speciation changes [21, 22, 66, 76] .
At the scale of the watershed, the phosphorus transfer is due to the combination of the emission and transport processes. The result is that the phosphorus export varies widely over individual storm events or over typical annual cycles [23] . Because of this complexity, modeling of phosphorus transfer is often inadequate because it does not take all the components of transfer into consideration.
The most commonly used modeling approach employed to predict phosphorus export from a watershed is an empirical one. It uses the weighted sum of the phosphorus areal load (in kg.ha -1 .year -1 ) of every land use in the watershed [63] . This approach is unsatisfactory as it does not take into account the hydrological processes linked to transport and masks the temporal variability of the emissions and effects linked to spatial organization [84] . Mechanistic models such as CREAMS or WEPP [29, 45] have a clear theoretical approach, but are not adapted to working on the watershed scale and usually require data that are not available, which limits their applicability [42] . Moreover, the splash erosion component of the universal equation of soil loss [86] used in the algorithms to calculate erosion, is not representative of the phenomena observed in western Europe [7] . [81] .
The subsoil of the watershed consists of an impervious calcareous till, which favors surface and subsurface runoff and reduces infiltration [36] . The The initial amount of soil water is a relative value that results from the hydrological balance of the watershed, established from the beginning of the study period (1 January 1993) to the day before the high-flow event. Precipitations and runoff at the outlet are directly measured, whereas evapotranspiration (EVT) is calculated from Penman's formula [9] . As the hydrological budget is fairly constant from one year to the next (inputs = outputs), comparisons of this calculated reservoir of soil water from one year to the next are justified. kg.ha -1 .year -1 , CIPEL [15] ) and exports from the forest and grassland soil surface (0.2 kg.ha -1 .year -1 [62] ). These losses were negligible in relation to the estimated stock of phosphorus in the soil (between 500 and 2 500 kg.ha -1 .year -1 for the 0-30 cm layer) and very low in relation to agricultural input (from 15 to 20 kg.ha -1 .year -1 ) and export from crops (from 10 kg.ha -1 .year -1 ) according to regional data.
On average, the SP phosphorus fraction only represented 20 figure 2 ). This suggests that water entering the hydrologic network is a result of either subsurface water exfiltration (lateral transfer above the plow pan; Cros-Cayot [17] ), or runoff from saturated soil surfaces [52] . The These low values were consistent with other studies concluding that underground transfer of phosphorus is not an important phosphorus export process, especially in calcareous regions [51, 62] . In contrast, precipitation [14] [41] .
The extension of the hydrologic network in states 2 and 3 added new phosphorus sources associated with agricultural land (figure 4a). It is likely that the quantity of sediments remobilized increases proportionally with the increase in the length of the active hydrologic network and its flow rate. But it was not possible to measure any influence of previous events on the amounts [58, 65] . 93 % of total annual phosphorus load is exported during high flow, of which 80 % in the form of PP and 13 % as SRP.
The mean concentrations of these exports at the outlet (0.12 mg.L -1 PP and 0.03 mg.L -1 SP) exceeds the recommanded levels set by CIPEL exceeds the recommanded levels set by CIPEL [14] for Lake Léman. [69] ).
-SP release is caused by the very low Eh level in waterlogged soils [40] .
-SP is mobilized on slopes during infiltration, then transferred into the subsurface by lateral transfer along an impermeable horizon or above the tillage pan [23] . For a high concentration of SP to be maintained down to the base of sloped fields, either transfer must occur rapidly through specialized pathways, or soil phosphorus concentration must be high and close to saturation in order to favor ion phosphate mobility [28, 29, 32, 71] .
This type of non-erosive runoff precedes widespread erosion of soil resulting in runoff with high PP concentrations. Other experimental [17] and field studies [2, 50] [40] . According to Smith et al. [73] , the SRP concentration of underground drainage water is proportional to phosphorus soil enrichment with a net increase when the P Olsen content in the soil exceeds 60 &mu;g.g -1 [38] . This value is regularly obtained in our cultivated soils [32, 71] and is well over the optimum cultural yield response [54] . Therefore, soil over-fertilization seems to aggravate the transfer of soluble forms of phosphorus through the upper soil horizons. Extensive leaching has already been observed in sandy fertilized soils (5 kg.ha -1 .year -1 , [78] ) and organic soils (18 kg.ha -1 .year -1 , [53] (table IV) . However, exports take place when the surface water's (Lake Léman in our case) sensitivity to nutrient input is at a maximum, mainly because of high temperatures and light intensity. In addition, the phosphorus forms exported (hight [SP] and PP/TSS) were very favorable to algal growth. Indeed, soluble fraction is considered to be totally available [68] . Potential bioavailability of particulate phosphorus is more variable [74] but often proportional to the suspended matter phosphorus content [25] . 
Phosphorus management
The relative independence between SP and PP, the dominance of hydrological factors, the variability of transfer modes, and the important role of exceptional events are all important in finding an answer to how diffuse phosphorus pollution can be controlled. The control of TP export as if it was only an erosive process is not sufficient (minimizing tillage [75] ; maintaining maximal cover, notably by mulching [43] ; intercepting erosion from fields with vegetated buffer strips [87] ). This approach is too restrictive both because it targets specific crops and leads to only a few best management pratices. The choice of the usual target crops is mainly based on an evaluation of their annual areal loads taken in the literature [63] . This does not take into account either the individual variation in cultivation practices or the variability of hydrological phenomena that affect phosphorus transfer.
In addition, the erosion control strategy does not take soluble phosphorus into account. The few studies evaluating this control approach in areas of gentle relief found little change in TP exported due to the increase in soluble phosphorus (SP) transfer [43, 75] . Over the course of many years, as TP stocks in the soil increase, we should expect the proportion of SP in emission to increase, thus making this approach to reducing TP export even more inefficient [12] . Similarly, despite short-term promising results using vegetated buffer strips to reduce phosphorus export, the long-term increase in phosphorus stocks in the landscape will not be alleviated by this approach [20] .
The management of phosphorus export needs a series of actions from the field-to the watershedscale [23] . At the field-scale, control inevitably involves reducing the surplus stocks in the soil by reducing phosphorus inputs. This is the only longterm approach to reducing SP fluxes transferred via surface flow or through subsurface pathways.
But there is still no agreement on the threshold concentration of phosphorus in the soil where these transfers commence [32] . At [47] , flood plains [16] and wet grassland [52] . Some [8, 84] . All these existing data need to be completed by knowledge on social and economic feasibility to obtain a generalized plan of action to be suggested.
